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Abstract

According to standard theoretical interpretations, in neutron stars’ magnetospheres particles are accelerated along

the magnetic field lines where the highly-magnetized surrounding offers the ideal conditions to make them radiate
high-energy gamma-rays (E > 100 MeV) that bear the timing signature of their parent neutron star. Moreover, the
accelerated particles (mostly electrons and positrons) can either move outward, to propagate into space, or be funnelled
back, towards the star surface. While particles impinging on the neutron star surface generate hot spots, detectable
in X-rays, outgoing ones could light-up the neutron star surroundings giving rise to extended features, visible both in
X-and in Very-High-Energy (VHE) gamma-rays (E > 100 GeV) .
By combining gamma-ray light curves and spectra with the X-ray emission, both thermal (from the hot spots) and non
thermal (from somewhere in the magnetosphere) we can try to map the emission geography within the light cylinder.
Moreover, we can trace the particles’ propagation outside the neutron stars’ magnetospheres through their synchrotron
emission, responsible for X-ray extended features, and their VHE gamma-rays inverse Compton emission, which give
rise to extended sources, whose shapes, however, appear different from that of the corresponding X-ray ones since
they are produced by particles of different energies.
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1. Introduction the acceleration is taking place in the outer magneto-
sphere, not far from the light cylinder. Later, the slot
gap model, extending from the polar cap to the light
cylinder, has been added as a third alternative (Musli-
nov & Harding 2003; Harding, 2005). Including special
relativity effects in the slop gap model, Dyck & Rudak
(2003) developed e two-pole caustic model. In paral-
lel, locations outside the light cylinder have also been
considered such as in the striped wind model propose
by Coroniti (1990) and, more recently, by Petri (2012).
Notwhistanding important differences between models,
the interaction between accelerated particles (typically
electrons) and the star magnetic field results in the pro-
duction of high energy gamma-rays which, in turn, are
not able to escape the highly magnetic environment and
are converted into electron positron pairs. This initi-
ates a cascade rapidly filling the magnetosphere with

Isolated neutron stars (INSs) are natural particle ac-
celerators. Their, presumably dipolar, rapidly rotating
magnetic fields, naturally inclined with respect to the
star rotation axis, induce electric fields ideally suited to
accelerate particles already present in the stars’ magne-
tospheres or extracted from the crusts. Following the
seminal paper of Goldreich & Julian (1969) and Stur-
rock (1971), a lot has been done to work out the details
of such an acceleration, focusing on its most likely lo-
cation(s) inside the INS magnetosphere and on its effi-
ciency. Traditionally, two classes of models have been
developed: on one side the polar cap ones(Ruderman &
Sutherland 1975; Harding & Daugherty; 1998, Rudak
& Dyck 1999), where the acceleration takes place near
the star surface, just above the magnetic pole; on the
other hand , the outer gap ones (Romani 1996), where
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energetic particles which, interacting with the magnetic
field, are responsible for the vast majority of the INSs’
multiwavelength phenomenology.

We can trace the path of the accelerated particles
through their X and gamma-ray emissions which are
produced in different locations ranging from the INS
surface to its magnetosphere to elongated jet-like fea-
tures protruding into the interstellar medium.

2. An overview

INSs are mainly studied through their non thermal
radio emission. Radio searches have been highly suc-
cessful and the current radio catalog list more than 2500
pulsars'.

In spite of the sheer number of objects and their very
diverse phenomenology, INS radio emission accounts
for a negligible fraction of the star rotational energy
loss. A far more important fraction of the star en-
ergy reservoir goes into high-energy radiation, mainly
in high-energy gamma-rays. While the number of ob-
jects shrinks to about 1% of the radio ones 2, in gamma
rays the INSs’ luminosity can reach a sizeable fraction
of the total rotational energy loss (Caraveo 2014).

The rich INSs’ phenomenology encompasses also X
and optical emissions, as well as VHE gamma-ray one.
While the numbers of INSs seen in X-ray is slightly
lower than that of the gamma-ray ones (Becker 2009;
Marelli, 2012), in optical we are down to about dozen
objects (Mignani et al. 2004; Mignani 2011) and in
VHE gamma-rays only Crab and Vela have been de-
tected as pulsating sources (Aliu et al. 2008; Aliu et
al, 2011; Djannati-Atai et al. 2017) while few dozens
have been seen to power their pulsar wind nebulae in
VHE gamma-rays (Carrigan et al. 2013; Klepser et al.
2013; Acero et al. 2013).

In the optical, as well as in X-rays, aged neutron stars
exhibit both thermal and non-thermal emissions. In-
deed, when non-thermal emission somewhat weakens
with age, the thermal one begins to emerge to tell the
story of the cooling crust of the neutron star.

INS thermal emission, however, is not totally unrelated
to the magnetospheric particle acceleration. Depend-
ing on their electric charge, particles move in different
directions along the magnetic field lines. While those
moving outward try to escape the INS magnetosphere,
those moving inward hit the star and heat its crust at

! http://www.atnf.csiro.au/research/pulsar/psrcat/
2https://conﬂuence.slac.stanford.edu/display/GLAMCOG/
Public+List+of+LAT-Detected+Gamma-Ray-+Pulsars

well defined spots, that, under the assumption of a dipo-
lar magnetic field, should coincide with its polar caps
(return currents, see e.g. Ruderman & Sutherland 1975;
Arons & Scharlemann 1979). Thus, thermal emission
could be of use to trace non-thermal phenomena.

The escaping particles, on the other side, are part of
the neutron stars’ relativistic wind which is supposed to
account for the bulk of their observed rotational energy
loss.

Such relativistic wind can be traced through its in-
teraction with the interstellar medium (ISM), both in
the immediate surroundings of the stars, where the INS
magnetic field is still important, or farther away, where
the wind radiation pressure is counterbalanced by the
shocked ISM. An important player to determine the
shape and the phenomenology of the resulting Pulsar
Wind Nebula (PWN) is the actual neutron star speed.
INSs are known to be high velocity objects and, plung-
ing supersonically through the ISM, they can give rise
to a rich bow shocks phenomenology seen in the radio,
optical and X-ray domains (e.g. Chatterjee & Cordes,
2002, Kargaltsev et al., 2015). Modelling the electron
spectrum at the termination shock, allows Vorster et al
(2013)to make proediction on the PWNs’ non-thermal
radiation.

3. Particles in the magnetosphere:
emission

Gamma-ray

Isolated Neutron Stars have been the first identified
sources in the field of high-energy gamma-ray astron-
omy. At first, in the 70, there were only the Crab and
Vela pulsars. Although few in number, they were cru-
cial to establish the very concept of gamma-ray source.
Moreover, they opened a significant space for discovery
both from the theoretical and from the phenomenologi-
cal sides. The need to explain their copious gamma-ray
emission fostered break-through developments in un-
derstanding the structure and the physics of their mag-
netosphere. In parallel, the 20 year long chase for
Geminga (Bignami & Caraveo, 1996) unveiled the ex-
istence of a radio-quiet, gamma-ray emitting, isolated
neutron star, adding a new dimension to the INS family.
Today we are living through an extraordinary time of
discovery. The current generation of gamma-ray detec-
tors have boosted the detections of gamma-ray emitting
neutron stars passing the 200 mark, and counting (the
second pulsar catalog, encompassing 117 objects, has
been published in Abdo et al. (2013), while an up to date
list of Fermi detected gamma-ray pulsars can be seen at
the site given in footnote n.2). The gamma-ray emitting
neutron star population exhibits a comparable number
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of radio-loud and radio-quiet young INSs (with a some-
what higher number of radio quiet objects) with an as-
tonishing, and unexpected, contribution from millisec-
ond pulsars (MSPs), both isolated and in binary sys-
tems, whose number has been steadily growing making
them the most numerous representatives of the gamma-
ray emitting INS family (Caraveo, 2014)

A gamma-ray pulsar is characterized by both its light
curve and its spectrum. Of course these are not inde-
pendent variables since the photons energy distribution
determine the shape of the light curve at different ener-
gies. However, on average, gamma-ray pulsars’ spectra
tend to be quite similar and can be described by a power
law with an exponential cut off at few GeV. The cut-
off parameter b is compatible with b=1 and rules out
hyper-exponential absorption which could have been
the signature of attenuation due to the interaction of
high-energy gamma-ray photons with the strong pulsar
magnetic field one would expect at low altitude. Thus,
the lack of hyper-exponential absorption points to high
latitude emission. This finding is strengthened by the
detection of pulsed photons up to tens of GeV, an emis-
sion that must arise at R> 3.8 Ryg (from Baring 2004).

Thus, Fermi pulsar spectra point to emission regions
in the outer magnetosphere, near to the light cylinder. A
similar hint comes from the inspection of the gamma-
ray pulsars’ light-curves. Indeed , one immediately re-
alizes that the majority of the pulsars (70% of the young
pulsars and 60% of the MSPs) have two peaks (in short,
P1-the one nearest to the radio pulse- and P2) and the
ratio P2/P1 increases with energy, pointing to a harder
second peak. Many double peaked pulsars display a
crescent type light curve with significant emission be-
tween the two peaks (Abdo et al. 2013).

Such wealth of information on pulsars light curves
represent a new challenge for theoreticians who try to
constrain pulsars geometry as well as the relevant mag-
netospheric physics. Starting from the location(s) of
the emitting region(s), namely polar cap (PC), outer gap
(OG) and slot gap (SG) or its variation two-pole caustic
(TPC), in a dipole geometry, one can build an atlas of
predicted gamma-ray curves to be compared to the ob-
served ones. In general, OG models yield better fits, but
they are not able to account for all the detected pulsars.
Lower altitude emission is preferred by a sizable minor-
ity of pulsars, especially those MSPs with aligned ra-
dio and gamma-light curves. However, with gamma-ray
light-curves and spectra similar to those of young pul-
sars, also for MSPs the emission regions should be far
from the neutron star surface. Although young pulsars
and millisecond ones have vastly different B field at the
star surface, the value of the B field at the light cylinder

is similar pointing to a region were similar conditions
naturally arise.

The detection of the Crab pulsar at E > 100 GeV by
Magic and Veritas (Aliu et al. 2008, 2011; Aleksic et
al. 2012) is well above any reasonable extrapolation of
the Fermi LAT best spectral fit, pointing to a different
emission mechanism, possibly located beyond the light
cylinder as discussed by Petri (2012) and by Aharonian
etal. (2014). Although far from completely understood,
the gamma-ray pulsar panorama seems to point to emis-
sion region in the outer magnetosphere, far from the pul-
sar surface.

4. Particles hitting the Star surface: Hot spots

The presence of hot spots on the surface of INSs has
been long suspected on the basis of their overall X-ray
spectral shape requiring more than a simple black-body
to describe the data. Although all INSs should have hot
spots, in order to be able to detect (and characterize)
their thermal emission, copious harvest of time-tagged
photons is needed. Thus, only INSs which have been
the targets of long X-ray observations have yielded ro-
bust evidence for the presence of hot spots. Following
the compilation of Marelli (2012), the sample of the
”spotted”, pulsating, young INSs encompasses about a
dozen objects. Usually, to fit the X-ray spectra of such
INSs two black-body curves, characterized by different
temperatures and emitting areas, are needed. A slightly
colder black-body, covering the majority of the INS sur-
face, provides the bulk of the X-ray luminosity while a
hotter one, covering a smaller surface, is needed to ob-
tain a satisfactory spectral fit.

In the following I will focus on few cases where hot
spots have been clearly detected through phase resolved
spectroscopy. Contrary to expectations, the dimensions
of such spots, as computed from their X-ray flux, vary
by more than 1 order of magnitude, casting doubts on
their simplistic polar cap interpretation.

Long XMM-Newton observations of Geminga, PSR
B0656+14 and PSR B1055-52, three middle-aged,
rather similar INSs, have shown that
a) the spectra are varying significantly throughout the
rotational phase
b) the hot blackbody contribution is the most dramati-
cally variable spectral component (De Luca et al. 2005).
The emitting radii, computed on the basis of the phase-
resolved spectral fits, vary as a function of the pulsar ro-
tational phase. Selecting the phase interval of maximum
emission, and taking into account the pulsar distance
values, their dimensions are : 60 m for Geminga, 460
m for PSR B1055-52 and 1,800 m for PSR B0656+14.
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While for PSR B0656+14 the modulation in the emit-
ting radius wrt. the average value is <10%, in the case of
PSR B1055-52 we see a 100% modulation, since the hot
blackbody component is not seen in 4 out of 10 phase
intervals. A similar, 100% modulation is observed also
for Geminga, although in this case the hot blackbody
component disappears in just one phase interval.

Also PSR J0007+7303, a radio quiet INS inside the
SNR CTA-1 (Abdo et al., 2008), known as “next
Geminga” (Halpern et al. 2004) when it was an uniden-
tified EGRET source, shows a 100% modulation for its
thermal X-ray emission (Caraveo et al. 2010). Its phase
resolved spectral analysis has unveiled a clear varia-
tion as a function of the pulsar’ rotational phase. Such
variation can indeed be ascribed to a thermal compo-
nent coming from a hot spot of 600 m radius, while no
emission from the bulk of the INS surface, presumably
cooler (and larger) has been detected.

It is natural to interpret such marked variations as an
effect of the star rotation, which alternatively brings into
view or hides one or more hot spots on the star surface.
As outlined above, such hot spots arise when charged
particles, accelerated in the magnetosphere, fall back to
the polar caps along magnetic field lines. Straight esti-
mates of neutron star polar cap sizes, based on a simple
“centred” dipole magnetic field geometry (polar cap ra-

dius Rpc = R \/@), where R is the neutron star radius,
Q is the angular frequency and c is the speed of light),
predict very similar radii for the four neutron stars, char-
acterized by similar periods (233 m for PSR B0656+14,
257 m for PSR J0007+7303, 297 m for Geminga, 326 m
for PSR B1055-52, assuming a standard neutron star ra-
dius of 10 km). The observed radii are instead markedly
different, with values ranging from ~ 60 m for Geminga
to ~2 km for PSR B0656+14 (see De Luca et al. 2005
for a detailed discussion). A different situation is found
for PSR J0007+7303 wich sports a 600 m hot spot,
roughly the double than its theoretical polar cap, but
lack the accompanying emission the entire surface of
any reasonable INS.

Indeed, the tiny dimension of Geminga’s hot spot points
to a grazing incidence angle of our line of sight. Such
inclination of the polar cap wrt our line-of sight could
explain the lack of radio emission, traditionally located
above the polar cap.

5. Particles escaping in the ISM: Tails, Jets, Nebulae

When the particle wind from a fast moving INS in-
teracts with the surrounding ISM, it gives rise to com-
plex structures, globally named “Pulsar Wind Nebulae”

(PWNe) where ~ 107 — 1073 of the INS E,,, is con-
verted into electromagnetic radiation (for reviews see
Gaensler & Slane, 2006, and Kargaltsev et al. 2015).
The study of PWNe may therefore give insights into as-
pects of the neutron star physics which would be oth-
erwise very difficult to access, such as the geometry
and energetics of the particle wind and, ultimately, the
configuration of the INS magnetosphere and the mech-
anisms of particle acceleration. Moreover, PWNe may
probe the surrounding medium, allowing one to mea-
sure its density and its ionisation state.

A basic classification of PWNe rests on the nature
of the external pressure confining the neutron star wind
(e.g. Pellizzoni et al. 2005). For young INSs (< few
10* y) the pressure of the surrounding supernova ejecta
is effective and a “static PWN” is formed. For older
systems (> 10° y) the neutron star, after escaping the
eventually faded supernova remnant, moves through the
unperturbed ISM and the wind is confined by ram pres-
sure to form a “Bow-shock” PWN.

Static PWNe (Slane 2005, for a review) usually show
complex morphologies. Striking features such as tori
and/or jets (as in the Crab and Vela cases), typically
seen in X-rays (Kargaltsev & Pavlov, 2008), reflect
anisotropies of the particle wind emitted by the ener-
getic, central INS and provide important constrains on
the geometry of the system. A remarkable axial sym-
metry, observed in several cases, is assumed to trace the
rotational axis of the central INS. For the Crab and Vela
PWNe, such an axis of symmetry was found to be co-
incident with the accurately measured direction of the
INS proper motion (Caraveo & Mignani 1999; Caraveo
et al. 2001). This provided evidence for an alignment
between the rotational axis and the proper motion of the
two neutron stars, with possible important implications
for the understanding of supernova explosion mecha-
nisms (Lai et al. 2001). The alignment between spin
axis and space velocity, directly observed only for Crab
and Vela, is now assumed as a standard property of INSs
(Ng & Romani 2004).

Bow-shocks (for a review see Pellizzoni et al.
2005, Gaensler et al 2004) have a remarkably sim-
pler, “velocity-driven” morphology. They are seen fre-
quently in H, as arc-shaped structures tracing the for-
ward shock, where the neutral ISM is suddenly excited.
In other cases, X-ray emission (and/or radio emission on
larger scales) is seen, with a cometary shape elongated
behind the neutron star, due to synchrotron radiation
from the shocked INS particles downstream. According
to the lower energetics of the central, older INS, bow
shocks are typically fainter than static PWNe and prox-
imity is a key parameter for their observation. However,
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for typical nebular magnetic field intensities (B between
1 and 100 microG), synchrotron photons with energy
about 1 keV are produced by electrons with Lorentz fac-
tor in the range (0.3 —3) 108. For electrons with Lorenz
factor 10 times lower, synchrotron emission falls in the
infrared, optical and UV frequencies. However, such
electrons can produce photons with energies up to tens
of TeV via inverse Compton scattering of the ambient
photon field. The Cosmic Background Radiation, the
dust-scattered light, and the starlight provide the tar-
get photons for inverse Compton scattering, with typical
photon energies around 103 —1072 eV, and 1 eV, respec-
tively. In the Thompson regime, photons with energy
about 1 TeV are produced by electrons with Lorentz
factor in the range (0.1 — 3) 107. Due to their differ-
ent energies, the cooling time of the X-ray electrons is
smaller than the one of the gamma-ray electrons. Thus,
the X-ray emission traces the recent history of the neb-
ula, whereas the gamma-ray emission traces a longer
history, possibly up to the pulsar birth (Mattana et al.
2009). This is why PWNe are such prominent, extended
sources in the VHE sky as shown by the H.E.S.S. Galac-
tic Plane Survey (Carrigan et al., 2013; Klepser et al.,
2013; Donath et al. 2017)

6. Geminga as a test case

The observational evidence on the presence of high
energy electrons/positrons in the magnetosphere of
Geminga is manyfold. First, the gamma-ray light-curve
whose > 100 MeV photons (Abdo et al. 2010) could
not have been produced without high energy particles
and magnetic fields.

Next, deep and repeated X-ray observations which
yielded both

a) the evidence for the presence of minute hot spot(s)
varying throughout the pulsar phase (Caraveo et al.
2004)

b) the detection of elongated tails, trailing the pul-
sar in its supersonic motion through the ISM and per-
fectly aligned with the proper motion direction (Car-
aveo et al. 2003; De Luca et al. 2006; Pavlov et al.
2010; Posselt et al. 2017). The flat spectral shape
of the tails” X-ray photons suggests a synchrotron ori-
gin which, combined with the typical magnetic field
present in a shocked ISM, implies the presence of ~
10'* eV electrons/positrons, i.e. of particle at the up-
per limit of the energy range achievable for an INS like
Geminga. Moreover, the lifetime of such electrons (or,
more precisely, the time it takes for them to lose half of
their energy) in the bow-shock magnetic field is ~ 800
years. On the other hand, Geminga’s proper motion

(170 mas/year, Bignami et al. 1993) allows one to com-
pute the time taken by the pulsar and its bow shock to
transit over the apparent length of the X-ray structures
in the sky ( 3’ from the central source). Such a time is
close to 1,000 years. Thus, Geminga’s tails remain vis-
ible for a time comparable to the electron synchrotron
X-ray emission life time after the pulsar passage. The
comet-like structure seen by Chandra (De Luca et al,
2006, Pavlov et al, 2010) is as luminous as the larger
and fainter tails and its spectrum is equally hard. Re-
cent analysis of a series of Chandra observations have
unveiled intriguing hints of variability, especially in the
short, comet-like trail (Posselt et al. 2017)

Hot spot(s), elongated, faint tails and short, brighter
trail have roughly the same luminosity, corresponding
to ~ 107° of its E,,;.

We note that the morphology and hard spectrum of

the Trail is reminescent of the jet-like collimated out-
flows structures seen in the cases of Crab and Vela
(Helfand et al., 2001, Pavlov et al. 2003, Willingale
et al., 2001, Mori et al. 2004) and associated to the neu-
tron stars spin axis direction. In particular, the small
Geminga’s Trail can be compared to the “inner coun-
terjet” of the Vela PSR (Pavlov et al. 2003), charac-
terized by a similar spectrum (photon index ~1.2) and
efficiency (Lx~107%E). The projected angle between
Geminga proper motion and its backward jet is virtu-
ally null, which implies that also the pulsar spin axis
should be nearly aligned with them. Geminga would
thus be the third observed neutron star having its rota-
tional axis aligned with its space velocity, after the cases
of the Crab and Vela.
The whole scenario, encompassing both the large Tails
and the small Trail, could therefore fit in the frame of
an anisotropic wind geometry. It includes jet structures
along the spin axis and relativistic shocks in the direc-
tion of the magnetic axis where most of the wind pres-
sure is concentrated due to the near radial outflow from
magnetosphere open zones.

At variance with Crab and Vela, Geminga is not de-
tected by the current generation of VHE Cherenkov
telescopes. However, climbing up in energy to reach
the TeV domain, both Milagro (Abdo et al. 2007) and
HAWC (Abeysekara et al. 2017) reported faint TeV
emission from an extended source whose position is
compatible with Geminga, although the extension is
definitely much larger that that of the X-ray nebula.

7. Conclusions

The particle acceleration going on in an INS mag-
netosphere can now be traced from end-to-end. While
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gamma ray emission probes directly the particle popu-
lation in the magnetosphere, using the current genera-
tion of X-ray observatories we are now able to follow
the destiny of the particles traveling up and down the
magnetic field lines through the study of hot spots on
the star surface and of PWNe. The same process re-
sponsible for the copious gamma-ray emission of INSs
would thus also be responsible for the appearance of the
X-ray emissions from the hot spots on their surface and
extended features in their surroundings. Moreover, the
escaping particles are seen to power extended sources
of very high-energy gamma-rays which, indeed, repre-
sent the majority of the sources detected by H.E.S.S.
along the Galactic plane. Such number will significantly
grow when the Cherenkov Telescope Array (Actis et al.
2011) will become operational at the beginning of the
next decade. With better angular resolution and wider
energy coverage than the current experiments, CTA will
undoubtedly improve our knowledge of INSs as parti-
cles’ accelerators.
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